Background and Purpose-Atrial cardiomyopathy is associated with an increased risk of ischemic stroke. P-wave terminal force in lead V 1 , P-wave duration, and maximum P-wave area are electrocardiographic parameters that have been used to assess left atrial abnormalities related to developing atrial fibrillation. The aim of this systematic review and metaanalysis was to examine their values for predicting ischemic stroke risk. Methods-PubMed and EMBASE databases were searched until December 2016 for studies that evaluated the association between P-wave indices and stroke risk. Both fixed-and random-effects models were used to calculate the overall effect estimates. Results-Ten studies examining P-wave terminal force in lead V 1 , P-wave duration, and maximum P-wave area were included. P-wave terminal force in lead V 1 was found to be an independent predictor of stroke as both a continuous Key Words: atrial fibrillation ◼ electrocardiography ◼ heart atria ◼ odds ratio ◼ stroke 
T he association between atrial fibrillation (AF) and ischemic stroke is well established. Left atrial abnormalities are associated with increased risk of ischemic stroke even in the absence of evident AF. 1, 2 These abnormalities can be assessed noninvasively using ECG and may indicate increased P-terminal force in the precordial lead V 1 (PTFV1) >40 ms•mm, 3 prolonged P-wave duration (PWD) >120 ms reflecting interatrial block, [4] [5] [6] [7] or greater maximum P-wave area (PWA). [8] [9] [10] Interestingly, some clinical studies have demonstrated the value of some of these ECG markers for stroke risk stratification. 9, 11, 12 Of note, patients with atrial abnormalities without evident AF are not placed on oral anticoagulation. 13 Therefore, the identification of such abnormalities may have significant prognostic and therapeutic implications in this setting. The aim of this study is to conduct a comprehensive systematic review and meta-analysis of these P-wave indices in predicting stroke risk. It will include prospective or retrospective cohort studies or case-reporting odds ratios (ORs), hazard ratios, or relative risk for patients experiencing all types of strokes given their P-wave abnormalities. statement and the Preferred Reporting Items for Systematic Reviews and Meta-Analyses 15 for screening studies. Two investigators (J.H. and G.T.) systematically and independently searched PubMed and EMBASE for publications published before December 2016 using separate search items P-wave terminal force and stroke, P-wave duration or interatrial conduction block and stroke, and P-wave area and stroke without language limitations. The abstracts of these publications were screened to identify eligible studies. The full texts of these studies were then retrieved and assessed for compliance with the inclusion criteria. Reference lists of full-text studies were also screened to identify additional relevant articles.
Inclusion and Exclusion Criteria
The following criteria were used to identify eligible studies: (1) the study design was a prospective cohort study, retrospective cohort study, or case-control study; (2) patients with ischemic stroke of various types were enrolled; (3) appropriate measurements of P-wave indices (PTFV1, PWD, and maximum PWA) were reported; and (4) the effect estimates, OR, hazard ratio, or relative risk along with their corresponding 95% confidence interval (CI) for the association between these P-wave indices and stroke were provided. The following exclusion criteria were applied: (1) articles that were letters to the editor 16 , editorials, or reviews; (2) studies that did not provide multivariate adjusted effect estimates 5 ; and (3) the study end points did not involve the occurrence of ischemic stroke.
17-19

Quality Assessment
Two investigators (J.H. and G.T.) independently performed quality assessment of the included studies using the Newcastle-Ottawa quality assessment scale according to the following 3 aspects: (1) selection of the patients; (2) comparability of groups or cohorts; (3) the exposure evaluation for case-control studies and the outcome evaluation for cohort studies.
Data Extraction
Two investigators (J.H. and G.T.) extracted data (information of the studies, baseline characteristics, pooled effect estimates) and entered them into standardized spreadsheets. Any data discrepancy was resolved by consulting a third reviewer (T.L.).
Measurement of P-Wave Indices
The components of PTFV1 have been reported previously. 8 PWD was measured in milliseconds as the first-onset and last-offset deflection from the baseline. Maximum PWA was measured in microvolt×milliseconds2 as the area under the P-wave in the 12 leads of the ECG. 1 It comprised the sum of the absolute areas of upward and downward P-wave deflections and was multiplied by 19.52 to harmonize the 12-SL program's calculations with other machines). 8 
Statistical Analysis
Data analysis was performed using Review Manager 5.3 software. The generic inverse variance method was used to calculate the pooled estimates. The multivariate adjusted hazard ratio and relative risk values in multivariate Cox proportional hazards model were directly regarded as OR values to pool together according to the previous literature. 20 As 2 forms of P-wave indices (adjusted effect estimates for a 1 SD change as a continuous variable and adjusted effect estimates as a categorical variable) were provided in the relevant studies, separate meta-analyses were conducted to evaluate their associations with ischemic stroke.
The I 2 statistic, which represents the overall heterogeneity that includes clinical, method, and statistical components, was used to select the appropriate effect model for pooling estimates. I 2 value between 0% and 25% indicates insignificant heterogeneity, 26% and 50% indicates low heterogeneity, 51% and 75% indicates moderate heterogeneity, and 76% and 100% indicate high heterogeneity. 21 The fixed-effects model was used when I 2 was <50%. When this was >50%, the random-effects model was used. Subgroup analyses were not performed because only a small number of studies was identified. Publication bias was evaluated using funnel plots. Statistical significance was defined as a 2-tailed P value of 0.05 for pooled estimates and a 2-tailed P value of 0.1 for heterogeneity test.
Results
Search Results
A flow diagram of the data search and study selection process is detailed in Figure 1 . A total of 388 records were identified from the 2 databases and additional reference searching. Three hundred sixty-nine duplicate and irrelevant studies were discarded. Nine publications were excluded, because they were letters to the editor, editorials, or reviews; provided insufficient data; or did not examine the defined end points. Ten studies, including 8 data sets on PTFV1, [1] [2] [3] [8] [9] [10] 22, 23 6 data sets on maximum PWD, 1, 2, 8, 9, 24, 25 and 3 data sets on maximum PWA, 1, 8, 9 were included in this meta-analysis. [1] [2] [3] [8] [9] [10] [22] [23] [24] [25] The ECG appearances of these indices are depicted in Figure 2 . 
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Baseline Characteristics
Study characteristics, patients characteristics of individual study, and pooled effect estimates, are presented in Tables  I-III in the online-only Data Supplement, respectively. These include first author, year of publication, location, study design, race, follow-up duration, age, stroke risk factors, the proportion of male subjects, the 3 P-wave indices (maximum rather than average PWD and PWA were used), and adjusted pooled effect estimates with 95% CIs (Figures 3 through 5 ). Possible publication bias was assessed using Funnel plots ( Figure 6 ). The quality scores of the included studies are shown in Table  IV in the online-only Data Supplement.
Relationship Between P-Wave Terminal Force, PWD, or Maximum PWA and Ischemic Stroke
When PTFV1 was analyzed as a continuous variable, 1, 8, 9, 22 it was significantly associated with incident ischemic stroke (OR per 1 SD change, 1.18; 95% CI, 1.12-1.25; P<0.0001) with mild heterogeneity (I 2 =35%; P=0.20; Figure 2A ). When analyzed as a categorical variable, 2,3,10,23 PTFV1 >40 ms•mm was also associated with incident ischemic stroke (OR, 1.59; 95% CI, 1.10-2.28; P=0.01) with significant heterogeneity (I 2 =93%; P<0.00001; Figure 2B ). Sensitivity analysis was conducted to explore the potential origin of heterogeneity among the studies that examined PTFV1 as a continuous variable. The CHS (Cardiovascular Health Study) by Kamel et al 8 is different from the remaining studies an outcome of magnetic resonance imaging (MRI)-defined infarct rather than clinical stroke was used, in contrast to the other studies. Excluding the Kamel (CHS) study did not have an impact on the main results (OR per 1 SD change, 1.22; 95% CI, 1.15-1.29; P<0.0001) while reducing heterogeneity to zero (I 2 =0%; P=0.98). Hence, the method of stroke detection seems to be an important origin of the heterogeneity among the studies. Interestingly, this was the only study out of the 4 studies that did not demonstrate a significant increase in stroke risk, suggesting that diagnosis based on clinical criteria may be better for risk stratification purposes.
When maximum PWD was analyzed as a continuous variable, 1, 8, 9 no significant association with ischemic stroke was demonstrated (OR per 1 SD change, 1.05; 95% CI, 0.98-1.13; P=0. 15) . No heterogeneity was observed among the studies (I 2 =0%; P=0.62; Figure 3A ). A significant relationship was observed when PWD was analyzed as a categorical variable (>110-120 ms; odds ratio, 1.86; 95% CI, 1.37-2.25; P<0.0001) without significant heterogeneity (I 2 =0%; P=0.68; Figure 3B ). 2, 24, 25 PWA has also been proposed as a marker for left atrial abnormality, but limited data on the relationship of maximum PWA and ischemic stroke are available. The pooled analysis of 3 studies 1, 8, 9 showed that maximum PWA, which was studied as a continuous variable, predicted incident ischemic stroke (OR per 1 SD change, 1.10; 95% CI, 1.04-1.17; P=0.0009) without significant heterogeneity (I 2 =35%; P=0.22; Figure 4 ).
Discussion
The present systematic review and meta-analysis demonstrated that common ECG markers including PTFV1, PWD, and PWA are predictive of ischemic stroke. Although cardioembolic strokes have been traditionally associated with AF, recent evidence suggests that AF is not a prerequisite for strokes to occur. 26 There is a clear lack of temporal relationship between episodes of paroxysmal AF and incident stroke. 27 Indeed, atrial electric dysfunction or mechanical dysfunction from fibrosis can increase the risk of stroke in the absence of AF. Moreover, increased atrial endothelial dysfunction and inflammation also contribute to thrombosis. 28 Abnormal atrial activation can lead to increased atrial pressure, with subsequent electrophysiological and structural remodeling, such as atrial dilatation and fibrosis. Furthermore, endothelial damage and dysfunction, along with impaired atrial mechanical activity, is thrombogenic. 29 This atrial remodeling can promote dyssynchronous electric activation of the atria predisposing to supraventricular tachycardia development if left untreated. 30 This scenario was demonstrated in the original Framingham Heart Study cohort. 31 The ECG abnormalities may also be a marker for developing AF, which may occur asymptomatically but lead to strokes in the presence of associated risk factors.
With advances in computing technology, it has become easier to analyze different components of the ECG. 32 In terms of atrial electrophysiology, several P-wave characteristics have been studied for prediction of stroke with well-demonstrated associations in epidemiological studies. 9, 12 The initial and terminal portions of the P wave are generally accepted as a reflection of right and left atrial activation, respectively. First, PTFV1 is the product of the depth (μV) of the terminal portion of the P-wave in ECG lead V 1 multiplied by its duration (ms). Increased PTFV1 has been associated with left ventricular interstitial fibrosis, 33 increased stroke risk, 3,10,34 long-term major adverse cardiovascular events, 35 and hospitalization and cardiac death. 36 Second, prolonged PWD occurs when there is abnormal conduction from the sinoatrial node to the left atria, and its presence has been associated with higher stroke risk [37] [38] [39] and with cardiovascular and all-cause mortality. 24, 40 Finally, increases in the maximal PWA, which is the product of the duration and amplitude of the P-wave, are also linked to higher risk of stroke. 
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The findings of this meta-analysis are as follows. First, out of the 4 studies that examined stroke outcomes with higher PTFV1 as a continuous variable, 1, 8, 9, 22 3 studies used the traditional clinical criteria for diagnosis, 1,9,22 whereas 1 study based diagnosis on MRI findings. 8 Exclusion of the latter study did not significantly affect the pooled odds ratio, suggesting that the increased stroke risk can be detected independent of the method of diagnosis. However, heterogeneity was reduced from 35% to 0%, suggesting that this study was the origin of the observed heterogeneity. Moreover, 4 studies studied PTFV1 as a categorical variable, and the pooled meta-analysis showed that the higher PTFV1 conferred an ≈59% increase in stroke risk. 2, 3, 10, 23 Of the 4 studies, 1 failed to demonstrate a statistically significant effect in the overall population. 3 The authors of this study showed that PTFV1 interacted with age, and for subjects aged >60 years, abnormal PTFV1 conferred a >2-fold increase in the risk of incident stroke in multivariate analysis adjusted for sex, history of stroke or transient ischemic attack, ischemic heart disease or diabetes mellitus, baseline creatinine, and in-treatment systolic blood pressure.
Second, maximum PWD was analyzed as a continuous variable in 3 studies. 1, 8, 9 Our pooled meta-analysis showed a nonstatistically significant, 5% increase in the risk of incident ischemic stroke. None of these 3 studies alone demonstrated predictive value of this parameter for stroke outcomes. Thus, in the CHS that used MRI diagnostic criteria for stroke, prolonged PWD did not predict outcomes for incident or prevalent infarcts of any type, incident or prevalent nonlacunar infarcts, and baseline or worsening white matter grade in patients aged >65 years. In the MESA study (Multi-Ethnic Study of Atherosclerosis), which included patients aged between 45 and 84 years, 9 prolonged PWD conferred a 11% increase in the risk of incident ischemic stroke without reaching statistical significance. In this study, patients with stroke were older than those without stroke (68 versus 62 years). In the ARIC study (Atherosclerosis Risk in Communities), 1 prolongations in PWD in lead II, mean PWD across all ECG leads, or maximum PWD predicted stroke outcomes in multivariate analysis adjusted for age, sex, and ethnicity, but this statistical significance was lost when further adjusted for hypertension, systolic blood pressure, diabetes mellitus, lipid levels, smoking status, and body mass index. Moreover, AF was not adjusted for in these analyses. By contrast, the pooled meta-analysis of the 3 studies that examined maximum PWD as a categorical variable, 2, 24, 25 increased maximum PWD conferred a 86% significant increase in stroke risk. Of these studies, Kohsaka et al analyzed outcomes of a cohort of subjects in the Northern Manhattan Stroke Study, demonstrating that prolongations in 25 studied patients with advanced interatrial block, defined as PWD >120 ms with biphasic P waves in inferior leads, conferred a 1.7-fold increase in the risk of ischemic stroke after adjustment for age, sex, ethnicity, and stroke risk factors including smoking status, systolic blood pressure, diabetes mellitus, body mass index, low-density lipoprotein cholesterol, antihypertensive medication use, coronary heart disease, and heart failure as well as incident AF. The reason for the discrepancy between PWD as a continuous variable (with 1 SD increase) and as a categorical variable is unclear. Perhaps, there is a threshold effect not captured in linear analyses, although exploratory analyses in CHS did not reveal any obvious nonlinearities in the relationship between PWD and MRI-defined outcomes. 8 Together, these findings suggest that PWD, which can be readily measured in surface ECGs, may offer incremental information valuable for risk stratification, but further research is needed to identify the correct form and threshold of this predictor. Monitoring of PWD remains useful because it is also associated with higher PTFV1. 41 Finally, three studies examined maximum PWA as a continuous variable (1 SD increase) 1, 8, 9 with our pooled metaanalysis demonstrating a significant 10% increase the in risk of incident stroke. Of these studies, 2 did not demonstrate a significant increase in stroke risk with increases in maximum PWA. In the CHS study by Kamel et al 8 that used MRI diagnostic criteria, maximum PWA did not predict outcomes for incident or prevalent infarcts of any type, incident or prevalent nonlacunar infarcts, and baseline or worsening white matter grade in patients aged >65 years. In the MESA study that included patients aged between 45 and 84 years, 9 prolonged PWD conferred a 11% increase in the risk of incident ischemic stroke without reaching statistical significance. In this study, patients with stroke were older than those without stroke (68 versus 62). By contrast, the ARIC study showed that increased maximum PWA predicted incident ischemic stroke in multivariate analysis when adjusted for age, sex, ethnicity, hypertension, systolic blood pressure, diabetes mellitus, blood lipid levels, smoking status, and body mass index.
Future Perspectives
Until further data are available to support a benefit to patients, these ECG measures should not be used in clinical practice. In the meantime, these measures may be useful markers for risk stratification and pathogenic classification for use in observational studies and clinical trials. Recently, a prospective, multicenter, observational registry has been initiated to examine the outcomes of patients with prolonged PWDs during a 3-year follow-up period. 42 Moreover, the ARCADIA trial (AtRial Cardiopathy and Antithrombotic Drugs in prevention After cryptogenic stroke) will begin in the fall of 2017 and use one of these measures, PTFV1, as a key eligibility criteria for identifying cryptogenic stroke patients with potential underlying atrial cardiomyopathy. Eligible patients will be randomized to apixaban or aspirin and followed up for the primary outcome of recurrent stroke. Such a trial may lead the way to the use of PTFV1 as an ECG biomarker for personalizing secondary stroke prevention therapies rather than treating all cryptogenic stroke patients uniformly.
Limitations
This systematic review and meta-analysis has some potential limitations. First, because the PTFV1 and PWD were analyzed as a continuous or categorical variable in the individual studies, it was not possible to pool all the studies together. Thus, separate analyses were performed. Second, given that the number of identified studies was relatively small and the available data limited, subgroup analyses could not be performed. Third, 4 studies included in our pooled analysis were retrospective, which may be more prone to recall bias. Finally, our systematic review included only articles published in PubMed and Embase. Thus, some articles that were not indexed in these search engines may have been omitted.
Conclusions
PTFV1, PWD, and PWA are simple electrocardiographic markers that can be used to predict the occurrence of ischemic stroke. If their predictive values are demonstrated in prospective trials, they can be eventually incorporated into routine clinical practice for patient monitoring, prognostication, and risk stratification. These findings support the notion of an atrial cardiomyopathic process in which thromboembolism risk is elevated even in the absence of AF.
